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Summary 
Intragravel seepage velocities and dissolved oxygen concentrations have been 
measured throughout the incubation period in spawning gravels utilized by brown 
trout (Salmo trutta). Variation in the hatching success of batches of trout and 
salmon (Salmo salar) can, in part, be attributed to a critical threshold of 
oxygen flux through the gravels. The following main conclusions were derived from 
the investigations: 
1) Intragravel seepage velocity may vary over 3 orders of magnitude within the 
same reach depending upon spatial variability in gravel composition and 
streamwater stage. 
-1 -1 
2) Intragravel velocities ranged between < 1 cm h and > 1000 cm h ; the 
lowest velocities being at heavily silted sites. 
3) Velocity increased with stream stage until the stream gravels were disturbed 
by flood flows consequent to which no clear relationship could be deduced 
between stage and velocity. 
4) At the sites investigated, oxygen concentrations varied between 5 and 13 mg 
-1 
1 in the gravels and values were equal to or less than those in the 
stream water. 
5) Oxygen fluxes through the interstices of the gravels ranged between 1 x 
„ -2 1 - 2 -1 
10 and 2 x 10 mg cm h 
6) Trout and salmon embryo survival varied between 0 and 100%. However, 
no incremental dependence of the percentage survival on the oxygen flux was 
detected, as most sites had high values of oxygen supply rate and high 
survival rates. 
7) A critical threshold oxygen flux for trout embryo survival was estimated to 
-3 -2 -1 -1 
be in the region > 3.6 x 10 < 1.4 x 10 mg egg h (> 2.3 x 
-2 -2 -2 -1 
10 < 8.9 x 10 ng cm h ). 
8) The critical threshold range noted in (7) encompasses a value published for 
Rainbow trout (Salmo gairdneri) and is in general accord with published 
data for Sockeye salmon (Oncorhynchus nerka). 
9) Theoretical considerations were used to estimate the minimum concentration at 
the egg surface required for successful development to hatching. This value 
-1 
was 4.18 mg 1 
10) Theoretical considerations indicated that at all but the fastest intragravel 
2 3 -1 
velocities (10 - 10 cm h ), supersaturated oxygen concentrations 
would be required to ensure 100% survival of eggs to hatching. 
Introduction 
Laboratory and field studies have shown that the survival of salmonid fish 
eggs and alevins is dependent upon the supply rate or flux of dissolved oxygen 
through gravel beds used for spawning. Although there have been a number of 
studies concerned with North American species there are few data for Atlantic 
salmon (Salmo salar) and the brown trout (S. trutta). 
Oxygen concentrations are limiting at low levels. A number of studies 
(reviewed by Blaxter 1969) have indicated that salmonid eggs can withstand 02 
-1 
levels of 2.5 mg 1 without high embryo mortalities. However, the oxygen 
supply rate limits the transfer of oxygen to the developing embryo, so that the 
critical threshold concentration is velocity dependent (Daykin, 1965). However, 
studies on oxygen supply rate are few (Daykin, 1965; Wickett, 1975; Turnpenny and 
Williams, 1980) and only Hayes et al. (1951) considered the Atlantic salmon in 
detail. 
Investigations have shown that the oxygen requirement varies throughout egg 
-1 
development. For Atlantic salmon values as small as 0.76 mg 1 have been 
quoted for freshly laid eggs rising to 10mg 1 for eggs near hatching (see 
Davis, 1975). Selection of an appropriate value at any stage is also complicated 
in that several investigators have found conflicting results both in terms of 
critical levels and in terms of variation in these levels throughout the 
incubation period. Differences are owing, in part, to various definitions of 
critical conditions. Davis (1975) has attempted to resolve this situation with a 
tripartite division of lethal and sub-lethal effects. 
Most concentration data refer to the concentration in the intragravel water 
(C ) and not to the concentration at the egg surface (C ) within the boundary 
1 o 
layer. The required concentration in the water will vary depending upon the rate 
at which oxygen is transported through the boundary layer to the egg. Hence, 
uncertainties in oxygen requirement reflect, in large part, lack of information on 
boundary layer dynamics. It is necessary however to maintain a minimum 
concentration at the surface of the egg for successful development. 
Most studies have expressed the intragravel velocity as a bulk current speed 
(ie. discharge divided by a unit area consisting of both void and solid areas) 
rather than the seepage velocity which is an average current speed through the 
interstitial spaces only. The latter can be obtained using intragravel flow 
equipment suitably calibrated or it may be estimated from bulk current speeds if 
the gravel porosity is known (Carling et al., submitted manuscript). Seepage 
velocities and, hence, derived oxygen fluxes will be greater than (typically x 3) 
those derived using bulk current speeds and will more closely reflect the true 
oxygen supply rate to fish eggs. 
In this report field experimental results concerning seepage velocities, 
oxygen concentrations and fish egg and alevin mortalities are reported and used to 
define a critical threshold for brown trout embryo survival. 
Methods used in G. Eggleshope Beck 
In the winter of 1983-84 eight sites were selected in a small spring-fed 
tributary to Great Eggleshope Beck. This spring has been described by Ottaway et 
al. (1981) and is frequented by spawning brown trout. The discharge and water 
temperature vary only slightly over the winter compared with the main stream and 
temperature tends to be higher than in the main stream. The use of this spring by 
spawning trout and the absence of scouring discharges made it an ideal 
experimental site. In addition two sites were selected on a spawning riffle in 
Great Eggleshope Beck. However, it was not expected that these latter sites would 
survive winter flood flows. 
The gravels in the spring are very fine with an average grain size of 5.55 mm 
and sand percentages (< 2 mm) up to 27%. In contrast the mainstream site is 
coarse gravel typically 6 1.53 mm in size with sand percentages up to 10% (Carling 
and Reader, 1982). Dissolved oxygen samples were taken from a variety of sites in 
the spring. Site selection was based on the apparent degree of silting of the 
gravels in an attempt to select sites with a range of dissolved oxygen levels. 
However, this proved difficult as D.O. apparently varied considerably from week to 
week. Nevertheless some sites had consistently lower D.O. readings than others; 
sites 1 and 2 in the spring in particular. At each location a standpipe was 
inserted to a depth of 15 cm for intragravel velocity determinations (Carling et 
al. submitted manuscript) and the bed allowed to settle. Eyed trout and salmon 
eggs stripped from wild fish were packed in batches of 50 and 40 respectively in 
perforated plastic tubes (from which hatched alevins could not escape) and buried 
at a depth of 15 cm, 30 cm upstream of the standpipe. Buried adjacent to each egg 
box was a permeable airstone with a catheter tube attached leading to the 
surface. The tube was plugged to prevent silt building up in the tube between 
sampling intervals. Egg boxes were buried in duplicate sets and a control pair 
were placed in the stream water. 
Because of the potentially large number of 02 samples and the adverse field 
conditions at that time of year it was decided to carry out O2 measurements on 
water samples in the laboratory, some 16 km from the field site. To test whether 
the delay in analysing the samples was significant a number of samples were 
processed in the field and then returned to the laboratory and remeasured. In the 
field an Orion model 401 specific ion meter was used whilst the laboratory 
determinations were conducted on an Orion Ionalyzer 901 which was the preferred 
instrument for the investigation. The same electrode was used in both cases. The 
results of the comparability test (Table 1) indicates that differences are small 
-1 
(± 0.29 mg 1 (s.e. 0.05)) and may be attributable to differences in the 
instrumentation rather than the time-delay between field collection and laboratory 
examination. 
A small number of observations of streamwater and intragravel D.O. were also 
made in Thorsgill, a stream which had to be abandoned as an experimental site 
owing to excessive human disturbance. The few data for this site are included in 
Table 2 for completeness. 
The trout eggs were burled in the Eggleshope sites on the 9 January 1984 and 
exhumed on the 28 February 1984. The salmon eggs were buried on the 6 March 1984 
and exhumed on the 10 April 1984. The date of egg-box recovery was determined by 
the day the eggs in control boxes in the free streamflow hatched. During the 
period of incubation intragravel velocity and D.O. samples were taken at weekly 
intervals. Streamwater temperature was recorded as the average of the weekly 
reading of a minimum-maximum thermometer. The method for intragravel velocity 
determinations is described by Carling et al. (submitted paper). Dissolved 
oxygen samples were obtained in 50 ml glass syringes. The catheter tube was 
unplugged and 50 ml of intragravel water (and water in the catheter) drawn off 
slowly to prevent degassing of the fluid. The catheter was sealed using a clamp 
and the initial sample disregarded. A second sample was taken and the end of the 
syringe capped. Samples were returned to the laboratory and analysed 
immediately. Basic O2 and intragravel velocity data are summarized in tables 3, 
6 and 7, together with the egg and alevin survival data (Tables 4 and 5). 
After the investigation was completed a frozen gravel core was taken at each 
site and the porosity of the gravels determined (Tables 4 and 5). 
Methods used in Black Brows Beck 
In the winter of 1984/85 ten sites were monitored in a small gravel-bedded 
stream in the English Lake District. This stream has been described previously, 
notably by Elliott (1984). A number of freeze-cores were taken in the stream to 
characterize the sediments. Mean grain-size ranged from 12 mm in the downstream 
reaches where the stream crosses waterlogged pasture to 30 mm in upstream reaches 
above a bedrock cascade. Similarly the percentage of fine material (< 2 mm) 
decreases upstream from 2 1% to 7-14%. 
Dissolved oxygen samples were taken at each site as for G. Eggleshope Beck. 
Sites 1 and 2 were in a downstream reach which was silted and rarely used for 
spawning whereas sites 8, 9 and 10 were situated in cleaner gravels (upstream of 
the cascade) where spawning occurred in the autumn of 1984. In addition to 0 , 
the biological waste product ammonia (NH -N) was also measured. In these 1985 
4 
experiments an Orion Ionalyzer 901 was used to measure oxygen and ammonia was 
determined colormetrically. 
The five principle sites ie. 1, 2, 8, 9 and 10 were equipped with intragravel 
flow standpipes and batches of 200 eyed hatchery brown trout and Atlantic salmon 
eggs were buried at each site, together with controls in the main streamflow. 
Parameters were measured weekly whilst the eggs were incubated in the gravel 
and five freeze-cores for grain-size and porosity determinations were obtained 
when the experiment was completed at the principle sites. Water temperature 
varied between 1.2 and 5.1°C during daylight hours. 
Results in Great Eggleshope Beck 
Results of the investigation are summarized in Tables 4, 5, 6 and 7. 
Trout There were no live eggs in the egg batches when recovered (Table 4). 
Small discrepancies exist in some samples between the enumerated total of dead 
eggs, dead alevins and live alevins. It is presumed that this is owing to the 
total disintegration of some dead eggs or alevins. A large discrepancy in the 
total for site 5 (tube A) is owing to damage to the tube (probably caused in the 
initial burial of the sample) which allowed alevins to escape. 
Mortality was high at sites 1 and 2. Compared with the other sites 
porosities and permeabilities were not low at these sites but intragravel 
velocities and oxygen concentrations were lower than at the other sites (Table 6). 
Consequently oxygen fluxes across the cross-sectional area of- an individual egg 
were also small. Fluxes were calculated as : 
A = U C A ( 1 ) 
o 
~ 1 
where A Q is the oxygen flux in mg h , u is the time-averaged intragravel 
-1 -1 
velocity (cm h ) and C is the average oxygen concentration (mg 1 ) over the 
period of the investigation. A is the cross-sectional area normal to the flow and 
is taken, (i) as equal to the area of a circle with radius equal to that of a fish 
2 
egg or (ii) is set equal to 1 cm . 
Various published data were examined to determine the appropriate area of a 
2 
trout egg transverse to the flow. The value adopted, 0.1570 cm , is based on 
the average diameter of brown and rainbow trout eggs as given by Wickett (1975). 
The selection of an appropriate value is not critical given the errors associated 
with the measured parameters U (Turnpenny and Williams, 1982) and C (Table 1). 
At all sites other than 1 and 2, egg mortality was low. These results 
indicate that a threshold oxygen supply rate for the successful development of 
-3 - 2 - 1 
eyed trout eggs may exist in the region > 3.6 x 10 < 1.4 x 10 mg h 
2 (Table 6). Expressed as fluxes per unit area (ie. 1 cm ) these data correspond 
-2 -2 -2 -1 
to an interval > 2.3 x 10 < 8.9 x 10 mg cm h 
Salmon There were a few live eggs found in the egg batches when recovered and 
these were retained and incubated. All hatched within two days of removal from 
the stream gravels and consequently these alevins were enumerated with the live 
alevins which had hatched prior to exhumation (Table 5). Egg mortality was only 
high at site 2(B) (Table 5), where the average oxygen flux to each egg was 6.46 x 
-3 -1 
10 mg h (measured salmon egg diameter is 0.59 cm; Crisp & Robson, 1985). 
Egg mortality however was low at site 1 and 2A where oxygen fluxes were also low 
(Table 7). The basic weekly data did not explain this anomalous result. Alevin 
survival at sites 3 to 8 was very high, averaging 94% (s. dev. 6.52%), but was 
somewhat lower at sites 9 and 10 in the mainstream. This latter result may 
possibly be explained by mechanical disturbance of the gravels although the trout 
eggs were not similarly affected, 
Intragravel velocities at these two latter sites increased as a function of 
stream stage (Fig. 1) until the gravels were disturbed by a series of small 
freshets. After the initial flood, intragravel velocities were variable and no 
longer correlated with stream stage indicating disturbance and in some cases 
subsequent silting of the gravels. The disturbance of the gravels which may 
locally occur to a depth of 15 cm (Carling, 1982) may have induced mechanical 
shock in the developing embryos and subsequent mortality (Jensen & Alderdice, 
1983) although the sensitivity of eyed eggs is not especially acute (Crisp & 
Robson, 1985). 
Results in Black Brows Beck 
Data on egg and alevin mortality are summarized for the five principle sites 
for which intragravel flow data are available in Table 8. Egg and alevin 
mortality was high at site 2 for trout and at site 1 for salmon. These are the 
most downstream sites where intragravel flow velocities were low and sand 
percentages high. It was not possible to monitor the intragravel velocities most 
weeks at sites 1, 2 and 8 owing to velocities being below the threshold of 
-1 
detection (1 cm h ). Consequently data concerning velocity and fluxes of oxygen 
and ammonia summarized in Table 9 are average values based on those few data 
-| 
yielding velocities greater than 1 cm h . Velocity could also vary between one 
and three orders of magnitude depending on stream water stage. 
-1 
Ammonia levels were commonly less than 5 ug 1 (the limit of detection) 
-1 
and usually in the range 5-20 ug 1 although anomously high values > 30 ug 
1 also were recorded and are more likely to represent natural variation than 
analytical error (Hilton, pers. comm.). Oxygen values were more conservative, as 
shown by their standard deviations, so that oxygen flux values are reasonably 
dependable maximum estimates. At the sites 8, 9 and 10, characterized by coarse 
sediments, intragravel oxygen concentrations had a similar value to the oxygen 
concentration in the stream water, whilst the response to changes in streamwater 
oxygen concentration was immediate. This observation is in contrast to the 
response at the sites 1 and 2 where gravels were finer and heavily silted. Here 
the response was poor and concentrations were frequently lower than those in the 
streamflow (Fig. 2). 
It would appear that the average intragravel oxygen supply rate was in excess 
of a threshold value for egg mortality as egg survival percentages mostly were 
high. At sites 8 and 9 for example, fluxes could be calculated as intragravel 
velocities exceeded the threshold of detection by an order of magnitude (Fig. 3). 
At the remaining sites the variation from week to week was recorded as the 
uncalibrated slope of the salt dilution curve (Fig. 4). A minimum oxygen flux was 
estimated for those weeks when the slope of the dilution curve was at a minimum 
using the product of an estimated velocity (extrapolated beyond the calibrated 
range of the instrument) and the oxygen concentration for that week. Although 
this is a gross generalization only sites 1 and 2 had minimum fluxes (for one 
sampling occasion) when the oxygen flux fell below the threshold value defined for 
-2 -2 -1 
trout in G. Eggleshope Beck ie. c. 8.9 x 10 mg cm h . These short 
periods of anoxia may account for the observed egg mortalities at sites 1 and 2 
for salmon and trout respectively. 
Calculation of the theoretical minimum oxygen concentration at the surface of 
trout and salmon eggs and the concentration in the ambient fluid required to 
sustain the concentration at the egg surface for given water velocities 
The field data can be partially validated by comparison with the small amount 
of physiological data available for salmonid eggs and with theoretical 
calculations of the minimum oxygen concentration required at the egg surface. 
Hayes et al. (1951) and Fry (1957) indicate that Atlantic salmon require 
-1 
3.4 ul O2 egg h at hatching. Hayes et al's eggs were circa 6 mm in 
diameter (Alderdice et al, 1958) and so in this report are comparable with 
Teesdale salmon eggs (5.9 mm; Crisp & Robson, 1985). The average dry weight of an 
-2 
egg is 38.1 mg (Crisp & Robson, 1985) and the rate therefore equals 8.92 x 10 
-1 ~3 -1 -1 -2 
ul mg h which is equivalent to 4.86 x 10 mg egg h or 1.78 x 10 
-2 -1 
mg cm h . 
Gray (1926) gives data concerning the 0 consumption by the embryos of 
-1 -1 brown trout. The maximum rate was 550 ul g h ; where the weight is 
embryonic weight. The wet weight of the eggs was on average 115 Mg and assuming 
the embryonic weight was 16% of this (Gray, 1926; Blaxter, 1969) each egg used 
-1 -2 - 1 - 1 
10.12 ul h or 1.45 x 10 mg egg h . Teesdale brown trout eggs weigh 
less than Gray's eggs (averaging 86 mg) and consequently might be expected to 
consume less oxygen. Nevertheless it should be noted that the consumption is 
higher than for Hayes et al's larger Atlantic salmon eggs. 
Davis (1975), in review, suggests that mature eggs of salmonids in general 
-1 
will show no adverse effects in concentrations of O2 of 9.75 mg 1 (98% 
2 
-1 
saturated at 5°C), whilst sub-lethal effects appear at 8 mg 1 .It should be 
noted however that there is some evidence that the eggs of Salmo species can 
withstand lower dissolved oxygen concentrations than Oncorhynchus spp. (Milner 
et al., 1981). 
It is possible to calculate the critical oxygen concentration (C ) at the 
o 
surface of the fish egg and the concentration in the ambient fluid (C ) 
1 
necessary to sustain the value of C from theoretical derivations. However, some 
o 
assumptions are required as to parameter values (Table 10). Where data are not 
available for Salmo species parameter values selected ensure calculations of 
critical oxygen concentrations are conservative because of the probable relative 
tolerance of Salmo eggs to low oxygen fluxes. 
Daykin (1965) outlines the theory of mass transfer of oxygen to single fish 
eggs whilst Wickett (1954; 1962) considered the reduction in oxygen supply along 
an idealized array of ranked eggs. Because in the present experiments all egg 
samples were packed in equal numbers in similar geometry containers, calculations 
for arrays of eggs cannot help interpretation of variable mortality between egg 
batches. Consequently calculations are for single eggs. For brevity the reader 
is referred to Daykin (1965) for the derivation of formulae whilst notation is 
given in Appendix 1. All calculations assume a constant water temperature of 5° C 
(278°K). 
The mass transfer theory incorporates a c3imensionless mass transfer rate, 
the Sherwood number 
Sh =
 2 k R
 (1) 
Dw 
For a single sphere, 
1 1 / / 
Sh = 2.0 + 0.8 E 2 S 3 (2) 
e c 
where R is the Reynolds Number, 2UR/V and S is the Schmidt Number, v/D . 
e c W 
Once k has been evaluated for a given intragravel velocity, the minimum oxygen 
concentration delivered to the egg can be calculated. 
N 
C - C = _____ (3) 
1 o 
4TT R k 
1 
The quantity required (C ) is equal to the sum of the oxygen concentration 
delivered across the boundary layer surrounding the egg (C ) and the oxygen 
o 
concentration in the periviteline fluid (C ), 
e 
C1 = _ _ _ _ _ + C (4) 
2~~ 
4TTR D 
c 
1 -1 
Calculations using data in Table 10 indicate a C value of 5.78 mg 1 and a 
-1 
C value of 4.18 mg 1 
o 
In addition the theoretical oxygen concentrations (C1 (est), for given 
intragravel velocities) required to provide full oxygen uptake (i.e. 100% 
survival) were also calculated for the range of velocities at Black Brows Beck 
(Fig. 5). The theoretical concentration is given by 
crest) = c + (c - c ) + (c - c ) (5) 
1 e o e 1 o 
r» - 1 
It is evident from Figure 5 that only at high velocities (1000 cm h ) is high 
survival ensured, as the curve becomes asymptopic to the abscissa and C1. 
approaches a minima. At lower velocities, oxygen concentrations which are super-
saturated at 5°C would be required to ensure no egg mortalities. 
Discussion 
Although the threshold oxygen flux for trout is based on few data the 
likelihood that the correct region of limiting fluxes has been identified may be 
checked by comparing the present results with other published data. 
Wickett (1975) gives tabulated data concerning percentage emergence for 
sockeye salmon (Oncorhynchus nerka) eggs for given bulk velocities and. initial 
oxygen concentrations. Wickett does not indicate the gravel porosities used but, 
assuming a porosity of 0.32 for clean experimental gravels, Wickett's results were 
recalculated as oxygen supply rates to individual eggs for values of seepage 
velocity rather than bulk velocities. Two pertinent sets of results are shown in 
parentheses in Table 11 together with the experimental results for brown trout 
obtained in the present study. There is good general agreement between limiting 
oxygen fluxes for 59% and 89% alevin survival as indicated by Wickett (1975) and 
the fluxes and survival rates noted for brown trout. 
Turnpenny and Williams (1980), in an investigation concerning the recovery of 
brown trout populations in an industrial river, planted rainbow trout (Salmo 
gairdneri) eggs in natural river gravels. They obtained from field 
-2 -1 
experimentation a survival threshold of around 16 ug cm h at which embryo 
survival was close to or equal to zero. Assuming a gravel porosity of 0.32 this 
-2 -2 -1 
threshold value corresponds to a value of 5.0 1 x 10 mg cm h which is 
-2 -2 -1 
within the interval 2.3 - 8.9 x 10 mg cm h recorded during the present 
study. 
From these two comparative studies, albeit for different species to those 
examined here, the threshold identified would seem to be of the correct order. 
If the curve in Figure 5 is broadly indicative of the requirements of brown 
trout and Atlantic salmon for 100% survival to hatching, it indicates that at high 
velocities the concentration in. the ambient fluid needs be some two to three times 
greater than the concentration demanded at the egg surface. At lower velocities 
the concentrations need to be greater. This latter requirement, although logical, 
conflicts with some of the field data where high survival rates were recorded with 
-1 
low intragravel velocities and oxygen concentrations of 10 to 12 mg 1 
At present it is not known if this reflects inadequate field data or poor 
specification of the theoretical parameters, or both. 
Conclusions 
Field experimentation may be used to define probable limiting oxygen fluxes 
to fish eggs as has been demonstrated in this report and in the study by Turnpenny 
and Williams (1980). Field data are useful to define the magnitude of intragravel 
flows, oxygen concentrations and temperature variations experienced in nature but 
the inherent variance in the system introduces error in results which cannot 
easily be obviated by more intensive sampling. 
Further investigations should concentrate upon critical experimentation under 
controlled laboratory conditions similar to those studies undertaken by Silver et 
al (1963) and Johnson (1980), supplemented where necessary by field 
investigation. 
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Appendix 1 
Basic Notation 
Table 1 
Comparison of 02 levels read in the field and in the laboratory 
Table 2 
Comparison of the mean intragravel oxygen concentration and surface streamwater 
oxygen concentrations (mg 1-1) 
Table 3 
Summary of oxygen and temperature data for 1984 experiments 
Trout experiments 
— 1 
Oxyyen conc. (mg 1 ) s.e. 
Eggleshope stream gravels 12.13 0.23 
Eggleshope streamwater 12.96 0.18 
Eggles. Spring steam gravels 10.38 0.27 
Eggles. Spring streamwater 12.30 0.2b 
Salmon experiments 
Eggleshope stream gravels 10.97 0.44 
Eggleshope streamwater 11.96 0.38 
Eggles. Spring stream gravels 9.85 0.30 
Eggles. Spring streamwater 11.44 0.33 
Water temperature 
Temp. (°C) s.e. 
Eggleshope streamwater 1.11 0.2 3 
Eggles. Spring streamwater 4.79 0.12 

Table 5 
Data on egg and alevin mortality - Salmon 1984 - Eggleshope 
Table 6 
Summary basic data for trout; period January to February 1984 
Table 7 
Summary basic data for salmon; period March to April 1984 
Table 8. 
Data on egg and alevin mortality - Trout and Salmon 1985 - Black Brows Deck 
Values in parentheses are for salmon. 
* 
Alevins killed by tipulid which had gained access to container. 

Table 10 
Basic data compilation for theoretical calculations. Values selected for the 
present computation are shown in boldface. (See Appendix 1 for notation). 
Species Source 
Brown Trout Gray 1926 
At. Salmon Hayes et al 1951 
Chin. Salmon Daykin 1965 
Steelhead Trout Daykin 1965 
Brown Trout Wickett 1975 
Chin./Steelhead Daykin 1965 
Chin./Steelhead Daykin 1965 
Chum Salmon Wickett 1975 
Sockeye Salmon Wickett 1975 
Brown/Rainbow T. Wickett 1975 
calculated for 5aC (see Daykin 1965) 
Table 11 
Comparison of results from brown trout Eggleshope with data of Wickett 
Figure 1. Increase in intragravel velocity as stream depth increases. 
Eggleshope, • site 9, . site 10. 
Figure 2. Variation in dissolved oxygen concentration through time at various 
sites in Black Brows Beck. 
Figure 3. Variation in intragravel velocity at two sites in Black Brows Beck. 
Figure 4. Uncalibrated dilution rates of a saline solution in spawning gravels 
showing relative variations in intragravel velocity of sites in Black 
Brows Beck. 
Figure 5. Calculated dissolved oxygen concentration required to provide full 
oxygen uptake for individual brown trout or salmon eggs at given 
intragravel velocities. Shaded area represents region of uncertainty 
given parameter variability in the theoretical model. 
Figures 
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